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Response Analyses of Recorded Earthquake Motions
S. J. Serhan
Project Engineer, Gilbert/Commonwealth, Inc., Reading,
Pennsylvania
Adjunct Professor, Temple University, Philadelphia, Pennsylvania

SYNOPSIS
Response analyses of three recorded earthquakes at a nuclear power plant have been conducted. The
objective of the response analyses is to obtain frequency composition, assess damage potential, and simulate and
explain the recorded soil and structural seismic motions. Two- and three-dimensional models for the soil/structure
system have been developed by using the finite-element substructuring method. Results of the analyses show clear
evidence of soil/structure interaction in terms of significant soil softening, strong rocking mode participation
and unusual recorded high-frequency response inside the buildings.

Each station contains three sensors capable of
recording absolute acceleration time histories
in the three orthogonal directions

INTRODUCTION
Based on federal regulations, nuclear power
plants shall be adequately designed for the
potential effects of vibratory ground motions
caused by two types of earthquakes. These are
called Operating Basis Earthquake (OBE) and
Safe Shutdown Earthquake (SSE). Both
earthquakes are based upon an evaluation of
local soil site conditions, and regional and
local geology and seismology.

The recorded acceleration time histories
display about 1 to 2 seconds of relatively
strong motion, which leads to a short-duration
classification of this earthquake. The freefield peak ground horizontal acceleration is
0.53 g, a relatively high value.
DYNAMIC SOIL PROPERTIES

This paper presents the characteristics of
three recorded earthquakes at a nuclear power
plant and describes results of an analytical
soil/structure investigation of these
earthquakes. Acceleration records were
obtained inside the buildings and a nearby
free-field ground motion station.

The plant is located on an approximately 700-m
thick pre-consolidated Pliocene sandy-clay
alluvial material. The sub-surface conditions
at the site were explored by borings. Crosshole method was used to measure s and P wave
velocities in a pair of holes up to 100 m in
depth (Table 1). At Depth 145.8 m, the
compressional wave velocity is 1790 mjsec
(higher than 1500 mjsec; seismic velocity of
water), which suggests a completely saturated
soil.

Gilbert/Commonwealth vectorized version of
SASSI program (1989) on Cray computer is used
to perform the soil/structure interaction
analyses.
Several parametric studies have been performed
to account for uncertainties in the soil
properties and seismic wave environment. The
analyses take into account nonlinearities of
the soil material, material damping, ground
water table, structural embedment, and
structure/structure interaction.

Laboratory tests were conducted to determine
strain-dependent shear modulus and damping of
the soil underlying the plant. The resulting
curves are consistent with standard curves
reported in literature. The strain-dependent
curves are intended to simulate material
nonlinearities of soil medium under cyclic
loading with high-strain levels.

RECORDED DATA

The purpose of the soil-column analyses is to
obtain the strain-compatible soil properties
with the recorded earthquake level, and to
construct dynamic characteristics of downhole
data.

Accelerometer stations were installed on the
mats of the two buildings A and B, and one
free-field accelerometer in a small shelter
located SO m south of the Building A. The
first base mat for Building A has a width of 61
m and an average depth of 9 m, and supports
five large buildings. The other base mat for
Building B has a width of 33 m and a depth of 4
m, and supports a one-story building.
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Numerous SASSI (SASSI 1989) runs are made to
investigate the effects of variations in th~
wave types and incident angle. As a conclus~on,
the seismic wave environment is assumed to
consist of vertically propagating shear waves
due to the'low reduction of the high frequency
portion of the measured structural. response
compared with the free field response
counterpart.

soil. Data

Tabl.e I .

IlL

311/IIL

11(.

Numerous models were developed and anal.yzed to
improve the shape of the frequency response
curve with respect to the recorded response
curve but a satisfactory improvement is not
yet a~hieved. This was the motivation behind
the low-strain soil modulus parametric study to
investigate variations in plant soil
properties. The results of the recent Lotung
experiment (EPRI 1989~ in~icate that the .
uncertainty range of 1n-s~tu measurements ~s
about + or - 50% for low-strain shear modulus
and is negligible for the unit weight.
General.ly, the softer the supporting soil
relative to the supported structure the more
significant are the effects of soil/structure
interaction. The peak frequency of the
frequency response curve is affected by a
chanqe in the low-strain shear modulus.

1200

Analysis results indicate that the free-field
seismic motions using 30% Gmax possess a highfrequency content and should be used in the
final analysis. A 30% Gmax is a relatively low
percentage in comparison with the current
applicable range of + or - 50%. A possible
explanation is that the dynamic soil properties
are based on pre-construction virgin soil and
these properties are expected to be different
from the existing soil inside the water proof
membrane used for construction.

H /CL
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THREE-DIMENSIONAL SOIL/STRUCTURE INTERACTION
ANALYSIS OF BUILDING B

I

A three-dimensional finite element model of
Building B is developed to investigate threedimensional effects and to evaluate the results
of the two-dimensional analyses. DUe to the
shallow embedment, the base mat is pl.aced on
the ground surface. The superstructure is
modeled as a rigid beam with a concentrated
weight at the end to account for inertial
eccentricity. Three-dimensional solid elements
(3 translational DOF) are used to model. the
excavated soil and the base mat, and rigid beam
elements are used to model the longitudinal and
transverse shear walls.

SEISMIC WAVE ENVIRONMENT
When there is no scattering of the impinging
seismic waves, the foundation is assumed to be
subjected to vertically propagating waves.
However, scattering effects can reduce the
effective input motion to the structure.
Scattering effects are function of frequency
content and incident angle of seismic motion,
foundation geometry and dynamic properties of
the supporting ground. Orientation and
l.ocation of the source earthquake relative to
the site (epicentral distance and focal depth)
provide good prospects for predicting the
incident angle. Lack of high-quality
seismographic data of the recorded earthquake
precluded direct evaluations of the seismic
wave environment.
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The deconvoluted acceleration time history at
Elevation -4 m is used as the input control
motion. The seismic wave environment consists
of vertically propagating shear waves.
Results show good correlation between the twoand three-dimensional in terms of the overall
shape of the frequency response curve.
However, the two-dimensional analysis slightly
underestimates the calculated acceleration
values.
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2D Analysis
ZPA (g's)

3D Analysis

Ratio

0.18

0.2

1.11

Peak Frequency
(Hz)
Peak
Acceleration
(g's)

6.8

6.8

1.00

0.42

0.5

1.19

CPU Time (sec)

50

1000

20

SOIL/STRUCTURE INTERACTION ANALYSIS OF A
COMBINED MODEL OF BUILDINGS A AND B USING
30% Gmax
A two-dimensional combined model is developed
to account for the effects of
structurejstructure interaction (Figure 1).
The seismic wave environment consists of
vertically propagating shear waves.

As clearly ~an b7 seen, the ~cc~racy gained by
the three-d~mens7onal a~alys~s ~s not enough to
offset the assoc~ated h~gh computational cost
compared to the two-dimensional analysis.
SOIL/STRUCTURE INTERACTION ANALYSES OF BUILDING
B USING 30% Gmax
Th~s section covers three separate
so~ljstructure interaction analyses

B using 30% Gmax. They are:

of Building
f

'

I
f I

(~)
~o-dimen~ional analysis for
d~rect~on plac~ng the base mat on

East-West
the ground
surface and including the effect of the
superstructure inertial eccentricity. The
deconvoluted seismic motion at Elevation -4 m
is used as the input control motion.

If

II

r

1-~-

(~)
~o-d~mensional analysis for East-West
d~rect~on ~ncluding the effects of the base

mat
embedment and superstructure inertial
eccentricity. Free surface recorded motion is
used as the input control motion.

Fig. 1.

(3) Two-dimensional analysis for North-South
direction including the effect of the base mat
embedment. Free surface recorded motion is
used as the input control motion.

Analysis results show clear evidence of strong
structure/soil/structure interaction and good
correlation with the recorded motions. The
high-frequency rocking mode contributes
significantly to the overall response due to
the high-frequency content of the input motion
and the slant bottom surface of the base mat.

The seismic wave environment consists of
vertically propagating shear waves for all
three analyses.
For East-West direction, results show that
recorded peak is at a higher frequency and
of larger magnitude. The calculated ZeroPeriod Acceleration (ZPA) agrees well with
recorded ZPA at the base mat of Building B
East-west direction.

Two-Dimensional Finite-Element Model
of Power Plant in East-West Direction

the

is

the
for
CONCLUSIONS

For North-South direction, results show good
agreement between the predicted and recorded
results at the base mat of Building B in terms
of the overall shape of the frequency response
curve and ZPA. The calculated response
displays a high-frequency content ( around 12
Hz), but slightly underestimates the peak
acceleration.
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Traditionally, seismologists and engineers
ignored magnitude 5 and lower earthquakes for
their lack of damaging potential. However, they
could cause chattering of sensitive electrical
and control systems devices like relays,
contactors, and switches. In order to assess
its impact on this type of sensitive equipment,
one needs to determine whether the high
frequency content can be transmitted to the
building at equipment locations especially at a
soil site. This can be achieved by
soil/structure interaction analysis.
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SASSI soil/structure interaction analysis of
the recorded earthquake resulted in encouraging
qualitative and quantitative agreement with
recorded measurements for both horizontal EastWest and North-South directions. Results of
the analysis have shown clear evidence of
strong soil/structure interaction. The
structural response motions display strong
rocking mode participation due to the highfrequency content of the free-field input
seismic motions. Seismic wave environment is
assumed to consist of vertically propagating
shear waves due to the high-frequency content
of the structural seismic motions.
The conclusions of this soil/interaction
analysis can be summarized as follows:
1.

High frequency content can be transmitted
to a nuclear power plant structure even at
a soil site. Analytically, this can be
simulated by vertical propagating shear
wave.

2.

since this high frequency content is
usually very far away from the dominant
frequencies of the massive structures,
large reduction of the response was
observed and can be expected based on the
classical theory of lack of resonance.

3.

When a small structure is adjacent to a
large structure at a soil site, the
response of the small structure will be
influenced by the large structure.

4.

When the base mat has a irregular shape in
the vertical plane, rocking mode can be
anticipated from this kind of high
frequency earthquakes.

5.

This high frequency input also excited the
higher modes of the site response.
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